An updated and expanded version of the Carbon Bond mechanism (CB05) has been incorporated into the Community Multiscale Air Quality (CMAQ) modeling system to more accurately simulate wintertime, pristine, and high-altitude situations. The CB05 mechanism has nearly 2 times the number of reactions relative to the previous version of the Carbon Bond mechanism (CB-IV). While the expansions do provide more detailed treatment of urban areas, most of the new reactions involve biogenics, toxics, and species potentially important to particulate formation and acid deposition. Model simulations were performed using the CB05 and the CB-IV mechanisms for the winter and summer of 2001. For winter with the CB05 mechanism, ozone, aerosol nitrate, and aerosol sulfate concentrations were within 1% of the results obtained with the CB-IV mechanism. Organic carbon concentrations were within 2% of the results obtained with the CB-IV mechanism. However, formaldehyde and hydrogen peroxide concentrations were lower by 25% and 32%, respectively, during winter with the CB05 mechanism. For the summer, ozone concentrations increased by 8% with the CB05 mechanism relative to the CB-IV mechanism. The aerosol sulfate, aerosol nitrate, and organic carbon concentrations with the CB05 mechanism decreased by 8%, 2%, and 10%, respectively. The formaldehyde and hydrogen peroxide concentrations with the CB05 mechanism were lower by 12% and 47%, respectively, during summer. Model performance with the CB05 mechanism improved at high-altitude conditions and in rural areas for ozone. Model performance also improved for organic carbon with the CB05 mechanism.
Introduction
Air quality models (AQMs) that can realistically describe the formation of ozone (O 3 ), air toxics, and other pollutants are needed by the U.S. Environmental Protection Agency (EPA), state, and local agencies to predict current and future concentrations of these pollutants and develop emissions control strategies to decrease their concentrations below harmful levels. A critical component of these models is the description of complex atmospheric photochemistry, namely the gasphase chemical mechanism. The chemical mechanisms used in three-dimensional (3D) AQMs must strike a balance between complexity and computational efficiency. For a 3D Eulerian grid model, the computational efficiency of its chemical mechanism is of high priority, whereas for box models or 3D models over small spatial scales and short time periods the chemical detail may be important. Several methods for developing chemical mechanisms, and addressing this balance, were reviewed by Dodge (2000) .
The Carbon Bond lumped-structure approach was originally developed in the late 1970s (Whitten et al. 1980) . The Carbon Bond IV (CB-IV) mechanism (Gery et al. 1989 ) is a widely used chemical mechanism in urban to regional air quality modeling systems for many years. Computational efficiency was a high priority during the development of the CB-IV mechanism, and although the resulting mechanism is highly condensed, it is among the fastest of the commonly used chemical mechanisms. At the time of its inception, this high degree of condensation was appropriate given the existing knowledge of atmospheric chemistry, and for the predominant uses of AQMs, primarily for urban simulations.
The CB-IV mechanism has had several updates since its initial release (Zaveri and Peters 1999; Adelman 1999) , but none has had widespread use in air quality models. Building on these earlier modifications, as well as on advancements made in the Statewide Air Pollution Research Center (SAPRC-99) mechanism (Carter 2000) , the CB-IV mechanism has recently been updated and named the CB05 mechanism to signify its development in 2005 (Yarwood et al. 2005) . Because of the widespread use of Carbon Bond-type mechanisms in AQMs, we have implemented the CB05 mechanism into the EPA's Community Multiscale Air Quality (CMAQ) modeling system. Here we briefly describe the updated mechanism and present a preliminary evaluation of the effect of this mechanism on selected species under both winter and summer conditions.
Methodology a. Model description
The EPA's CMAQ modeling system (version 4.5; Binkowski and Roselle 2003; Byun and Schere 2006) was used for this study. Model performance evaluations for this modeling system have been conducted by comparing model predictions to measured ambient pollutants obtained from several measurement networks (Appel et al. 2007) . For this study, the horizontal domain of the model consisted of 148 ϫ 112 grid cells with a 36-km grid spacing with 14 layers in the vertical direction. The CMAQ chemical transport model was configured to use the newly developed mass continuity scheme in version 4.5 to describe the advection processes, the multiscale method to describe the horizontal diffusion processes, the eddy diffusion method to describe the vertical diffusion processes, and the asymmetrical convective model for cloud processes. Aqueous chemistry, aerosol processes, and dry and wet deposition were also included, but the plume-in-grid treatment was not. The CMAQ modeling system currently provides three different gas-phase chemistry solvers: the Sparse-Matrix Vectorized Gear solver, the Rosenbrock solver, and the Euler Backward Iterative solver; the Rosenbrock solver was used in this study. The meteorological driver for the CMAQ modeling system was the fifth-generation Pennsylvania State University-National Center for Atmospheric Research Mesoscale Model (MM5, version 3.5; Grell et al. 1994) . The meteorological data obtained from the MM5 system were processed using the Meteorology-Chemistry Interface Processor (MCIP, version 2.3; Byun and Schere 2006) .
The predefined clean-air vertical profiles provided in the CMAQ modeling system were used. The model was spun up for 10 days to minimize the effect of initial conditions on model predictions. Model simulations were performed with both the CB-IV and CB05 mechanisms for January and July of 2001, representing winter and summer conditions, respectively.
b. Gas-phase chemistry
The CB05 mechanism contains 52 chemical species as shown in Table 1 . Additional species in the mechanism include ethane, internal olefins, terpenes, acetaldehyde, higher aldehydes (C 3 ϩ species), formic acid, acetic acid, methanol, ethanol, peroxyacetic acid, higher alkyl peroxy acetyl nitrate analogs, methylhydroperoxide, methylperoxy radical, higher peroxy acyl radical (C 3 ϩ species), and higher (C 2 ϩ) organic peroxides. Details of the chemical mechanism are described by Yarwood et al. (2005) ; only a brief summary is presented here. The major changes in the CB05 mechanism relative to the CB-IV mechanism (Gery et al. 1989 ) fall into the following categories: kinetic updates, photolysis updates, extended inorganic reaction set, and better representation of atmospheric chemistry of ethane, higher aldehydes, alkenes with internal double bonds, oxygenated products and intermediates, and terpenes.
Kinetic data for the rate constant expressions were updated from the most recent evaluations by the International Union of Pure and Applied Chemistry (IUPAC) (Atkinson et al. 2005) and National Aeronautics and Space Administration/Jet Propulsion Laboratory (Sander et al. 2003 ) review panels. Photolysis data for the CB05 mechanism have been taken from the IUPAC evaluation (Atkinson et al. 2005 ) and the SAPRC-99 mechanism (Carter 2000) .
Several nitrogen oxides (NO x ) recycling reactions have been added to the CB05 mechanism to improve the representation of the fate of NO x over multiday time scales (Zaveri and Peters 1999 ). An explicit reaction between hydroxyl radical (OH) and ethane (ETHA) was added to better describe the chemistry of remote atmospheres. A new higher aldehyde species (ALDX) was added.
A new species (internal olefins) was added to represent alkenes with internal double bonds such as 2-butenes. Internal olefins (IOLE) were previously represented by their aldehyde products in the CB-IV mechanism. Including IOLE explicitly in the CB05 mechanism better describes the kinetics of internal olefins than the CB-IV mechanism approach. The IOLE chemistry is improved by having both acetaldehyde (ALD2) and lumped higher aldehydes (ALDX) as reaction products. A new species TERP and its related reactions, based on the SAPRC-99 chemistry (Carter 2000) , were added in the CB05 mechanism to represent terpenes. Reactions of methanol (MEOH) and ethanol (ETOH) were also added.
The CB05 mechanism has been evaluated by comparing simulation results with data from the University of North Carolina, Chapel Hill, and the University of California, Riverside. Yarwood et al. (2005) performed simulations using the CB05 mechanism and compared the results with the chamber experimental data. In general, the CB05 mechanism performed as well as or in some cases better than the CB-IV mechanism in simulating the data.
c. Aerosol chemistry
A brief discussion on aerosol chemistry is provided here; a detailed description can be found elsewhere (Binkowski and Roselle 2003; Byun and Schere 2006) . In CMAQ, a modal approach using three lognormal modes is used to describe the aerosol size distribution: Aitken mode, accumulation mode, and coarse mode. Aerosol species that are solved in CMAQ include sulfate, nitrate, ammonium, anthropogenic secondary organic aerosol, anthropogenic primary organic aerosol, biogenic secondary organic aerosol, elemental carbon, sodium chloride, and other unspeciated material. The model accounts for coagulation by Brownian motion and new particle formation by binary homogeneous nucleation of sulfuric acid and water vapor.
The model treats cloud processing of aerosol. Aerosol sulfate production in aqueous phase occurs via oxidation of sulfur by H 2 O 2 , O 3 , oxygen (O 2 ) catalyzed by manganese (Mn 2ϩ ) and iron (Fe 3ϩ ), methylhydroperoxide (MEPX), and peroxycarboxylic acid (PACD). Aerosol sulfate production in gas phase occurs via reaction between OH and SO 2 . The CMAQ also accounts for the treatment of primary sulfate emissions. Gasphase nitric acid (HNO 3 ) is produced via homogeneous and heterogeneous reactions which can then partition to form aerosol nitrate. An inorganic aerosol thermodynamic equilibrium model, "ISORROPIA" (version 1.5), is used to determine partitioning of inorganic aerosols in the model (Nenes et al. 1999) . Aerosol species in each mode can be removed via dry and wet deposition. The treatment of secondary organic aerosol (SOA) is also included in the model. Gas-phase chemical reactions of toluene (TOL), xylene (XYL), and cresol (CRES) with OH, and CRES with NO 3 produce semivolatile organic compounds that can condense to form athropogenic SOA. Gas-phase chemical reactions of TERP with OH, O 3 , NO 3 , and O produce semivolatile organic compounds that can condense to form biogenic SOA. CMAQ allows semivolatile organics compounds in particle phase to evaporate back into gas phase.
d. Emissions
An integral part of any chemical mechanism is the assignment of real organic species to the mechanism species. The existing mapping of the chemical species for the CB-IV mechanism was updated for the CB05 mechanism. The changes were 1) ethane is mapped to ETHA; 2) acetaldehyde is mapped to ALD2; 3) several compounds that produce or react like acetaldehyde are mapped to ALD2; 4) all remaining ALD2 assignments are changed to ALDX; 5) all assignments to 2*ALD2 representing internal olefins are changed to IOLE (internal olefins that are branched at the double bond are represented as aldehyde ϩ PAR because their dominant reaction products are less reactive than the IOLE); and 6) terpenes are mapped to TERP.
The Sparse Matrix Operator Kernel Emission (SMOKE; Houyoux et al. 2000) modeling system (version 2.1) was used to process the 1999 National Emissions Inventory (version 3) to generate model-ready emissions for the CB-IV and CB05 mechanisms. Model-ready emissions files contained emissions of NO, NO 2 , SO 2 , CO, ammonia, volatile organic compounds, and particulate matter. Biogenic emissions were generated using the Biogenic Emissions Inventory System (Guenther et al. 2000) .
Results and discussion

a. Comparisons of the predictions from the two mechanisms for summer
To provide an overall assessment of the changes in predicted concentrations with the CB05 mechanism relative to the CB-IV mechanism, a regression analysis was performed to fit a linear curve using results obtained with the two mechanisms. The slopes of these curves for selected species are shown in Table 2 . The slope of the curve for daily maximum 1-h O 3 was 1.08, which suggests that the O 3 concentrations predicted using the CB05 mechanism were 8% greater than those predicted by the CB-IV mechanism. A comparison of the daily maximum 1-h O 3 concentrations between the two mechanisms is presented in Fig. 1a . As an example, the domainwide average production and consumption rates of O 3 with the two mechanisms are shown in Table 3 for 1 July. The total O 3 production and the consumption rates were greater with the CB05 mechanism which resulted in a net increased O 3 production; thus the concentrations of O 3 were greater.
The production rate of O 3 via reaction 1 was greater with the CB05 mechanism. The use of quantum yield and absorption cross section data from the SAPRC-99 mechanism into the CB05 mechanism enhanced the photolysis rate of NO 2 , which in turn produced more O. The higher O in combination with a higher rate constant increased the production of O 3 via reaction 1 with the CB05 mechanism.
The consumption of O 3 via reaction 2 with the CB05 mechanism was greater than that with the CB-IV mechanism partly because of a higher rate constant. The conversion of NO into NO 2 via NO ϩ RO 2 → RO ϩ NO 2 with the CB05 mechanism was greater (15%) than that with the CB-IV mechanism (RO 2 ϭ organic peroxy radical and RO ϭ alkoxy radical). Con- sequently, a lesser amount of NO was available for the titration of O 3 via reaction 2 with the CB05 mechanism than with the CB-IV mechanism. The inclusion of MEO 2 and related chemical reactions in the CB05 mechanism enhanced the conversion of NO into NO 2 . The concentrations of formaldehyde (FORM) with the CB05 mechanism were lower by 12% relative to those with the CB-IV mechanism. As an example, the domainwide average production and consumption rates of FORM with the two mechanisms are shown in Table  4 for 1 July. Total production and consumption rates of FORM with the CB05 mechanism were lower than with the CB-IV mechanism. Reactions 15-b and 16-b produced 22% of the total production of FORM with the CB-IV mechanism, while reactions 15-a and 16-a produced only 2% of the total production of FORM with the CB05 mechanism. The decreased production of FORM via reactions 15-a and 16-a with the CB05 mechanism resulted in a lower total production rate of FORM. The consumption of FORM via each reaction with the CB05 mechanism was lower; thus the total consumption of FORM with the CB05 mechanism decreased relative to that with the CB-IV mechanism. The concentration of FORM was lower with the CB05 mechanism because the net production rate was smaller. The concentrations of H 2 O 2 with the CB05 mechanism were lower than those with the CB-IV mechanism by 47%. The production as well as the consumption rate of H 2 O 2 with the CB05 mechanism decreased relative to that with the CB-IV mechanism. The production of H 2 O 2 via HO 2 ϩ HO 2 → H 2 O 2 and HO 2 ϩ HO 2 ϩ H 2 O → H 2 O 2 decreased with the CB05 mechanism because of lower rate constants and lower HO 2 concentrations. The consumption of H 2 O 2 via H 2 O 2 → 2*OH and H 2 O 2 ϩ OH → HO 2 also decreased with the CB05 mechanism. The CB05 mechanism includes two additional reactions involving H 2 O 2 (OH ϩ OH → TABLE 3. Domainwide average production and consumption rates of O 3 with the CB-IV and CB05 mechanisms on 1 Jul (surface layer). An average value for each grid cell was first calculated using data from 1400 to 2200 UTC. A domainwide average was then calculated using all gridcell average values in the modeling domain. The CB05 mechanism has additional reactions related to O 3 (C 2 O 3 ϩ HO 2 ϭ 0.2O 3 ; C x O 3 ϩ HO 2 ϭ 0.2O 3 ; NO 3 ϩ O 3 ϭ NO 2 ). The production and consumption rates of O 3 from these reactions were relatively small and are omitted to conserve space. Consumption rates of O 3 via reactions with all organic species are combined into VOC ϩ O 3 . To conserve space, most reaction products have been omitted.
No.
Reaction producing O 3 CB05 mechanism CB-IV mechanism Production rate (ppbv min As shown in Fig. 1b and Table 2 , the aerosol sulfate concentrations with the CB05 mechanism decreased by 8% relative to those with the CB-IV mechanism. The contribution of emissions and the initial and boundary conditions to aerosol sulfate did not change between the two mechanisms. The production of aerosol sulfate via the gas-phase pathway with the CB05 mechanism was 10% lower than that with the CB-IV mechanism because of lower OH concentration. The production of aerosol sulfate via aqueous-phase pathways with the CB05 mechanism was also lower relative to the CB-IV mechanism. The domainwide aerosol sulfate produced via five aqueous-phase reaction pathways with the two mechanisms is shown in Fig. 2 . The reaction of SO 2 with H 2 O 2 produced 18% lower aerosol sulfate with the CB05 mechanism because of lower H 2 O 2 concentration.
The concentrations of HNO 3 with the CB05 mechanism decreased by 7% relative to those with the CB-IV mechanism. As mentioned in section 2c, the production of HNO 3 in CMAQ occurs via several gas-phase reactions and a heterogeneous reaction between N 2 O 5 and water vapor (H 2 O). The heterogeneous reaction in CMAQ is implemented in the aerosol module and was used for each mechanism. Thus, the changes in the production of HNO 3 via the heterogeneous reaction depended only on the concentrations of N 2 O 5 produced with each mechanism. The production of HNO 3 via the heterogeneous reaction decreased with the CB05 mechanism because of lower N 2 O 5 concentrations. The concentrations of N 2 O 5 with the CB05 mechanism were lower than those with the CB-IV mechanism by 32% because of the decreased production via NO 3 ϩ NO 2 → N 2 O 5 at night.
The gas-phase production and consumption rates of HNO 3 with the CB05 mechanism were greater than those with the CB-IV mechanism. The additional production of HNO 3 via reactions of NO 3 ϩ HO 2 , ALDX ϩ NO 3 , and NTR ϩ OH with the CB05 mechanism enhanced the total gas-phase production rate of HNO 3 . The total gas-phase consumption of HNO 3 increased because of the inclusion of the photolysis of HNO 3 in the CB05 mechanism. The net production of HNO 3 via gas-phase reactions with the CB05 mechanism was slightly greater than with the CB-IV mechanism. The decreases in HNO 3 production via the heterogeneous reaction more than compensated for the increases in HNO 3 production via the gas-phase reac-TABLE 4. Domainwide average production and consumption rates of FORM with the CB-IV and CB05 mechanisms on 1 Jul (surface layer). Domain average values are calculated using similar procedure as for the values in Table 3 , except that data from all 24 h were used. The productions of FORM from MEPX in the CB05 mechanism and from C 2 O 3 ϩ C 2 O 3 in the CB-IV mechanism were small and are omitted. The CB05 mechanism also includes two additional reactions (FORM ϩ HO 2 ϭ HCO 3 and HCO 3 ϭ FORM ϩ HO 2 ). The net production of FORM from these reactions was ϳ10 Ϫ8 ppbv min
Ϫ1
; these reactions are omitted.
No.
CB05
No. 
CB-IV
Ϫ3
Net production rate 3.53 ϫ 10
Net production rate 4.00 ϫ 10
tions. Thus, concentrations of HNO 3 were lower with the CB05 mechanism, which led to a decrease in aerosol nitrate concentrations by 2%. The concentrations of organic carbon (OC) with the CB05 mechanism were 10% lower than those with the CB-IV mechanism. The production of anthropogenic as well as biogenic SOA decreased with the CB05 mechanism; thus the total SOA formation with the CB05 mechanism was lower than with the CB-IV mechanism. It should be noted that only biogenic sources contributed to the emissions of terpenes in the CB-IV mechanism; anthropogenic sources were not accounted for the emissions of terpenes in the CB-IV mechanism. Anthropogenic as well as biogenic sources contributed to the emissions of terpenes in the CB05 mechanism. The contribution of anthropogenic sources to the emissions of terpenes in the CB05 mechanism was only about 1% of the total emissions of terpenes in the modeling domain. Aerosol constituent mass represents the summation of the constituent in the Aitken and accumulation modes. OC further represents the summation of anthropogenic SOA, anthropogenic primary organic aerosol, and biogenic SOA.
b. Comparisons of the predictions from the two mechanisms for winter
The predicted concentrations of daily maximum 1-and 8-h O 3 with the CB05 mechanism were within 1% of those with the CB-IV mechanism for winter ( Table  2 ). The predicted concentrations of FORM and H 2 O 2 with the CB05 mechanism were lower by 25% and 32%, respectively, relative to those with the CB-IV mechanism. These percent reductions appear to be relatively large; they arise because wintertime concentrations of FORM and H 2 O 2 are typically low. The maximum decrease in the absolute concentrations for both species was typically less than 1.0 part per billion by volume (ppbv). The concentrations of aerosol sulfate and nitrate with the CB05 mechanism were within 1% of those with the CB-IV mechanism.
The concentrations of OC with the CB05 mechanism were 2% higher than those with the CB-IV mechanism. The production of anthropogenic SOA increased while the production of biogenic SOA decreased with the CB05 mechanism; thus the total SOA formation with the CB05 mechanism increased.
c. Spatial variation of the predictions of the two mechanisms
The differences in the monthly mean concentrations of daily maximum 1-h O 3 between the two mechanisms in summer are shown in Fig. 3a . The largest increases in daily maximum 1-h O 3 concentrations with the CB05 mechanism occurred in northern Texas and western Oklahoma where its concentrations were higher by about 10 ppbv. Large increases (5.0-9.5 ppbv) in O 3 concentrations with the CB05 mechanism also occurred over the central United States. Similar increases were also observed in Southern California, Lake Michigan, Lake Erie, coastal areas of southern and eastern states, and Mexico. Increases in O 3 concentrations with the CB05 mechanism in the remaining areas in the modeling domain ranged between 0 to 5 ppbv. Ozone concentrations with the CB05 mechanism decreased in some areas of Oregon and Washington; however, these decreases were less than 1 ppbv. The spatial distribution of the differences in monthly mean concentrations of daily maximum 8-h O 3 between the two mechanisms was similar to that of the daily maximum 1-h O 3 concentrations. In winter, the largest increases in daily maximum 1-and 8-h O 3 concentrations with the CB05 mechanism were only about 2.0 ppbv and occurred in a grid cell in Mexico. Increases in concentrations of daily maximum 1-and 8-h O 3 over the eastern United States ranged between 1.0 and 1.5 ppbv. Increases in concentrations of daily maximum 1-and 8-h O 3 in the remaining areas of the modeling domain were limited to about 0.5 ppbv.
The changes in the monthly mean concentrations of FORM with the CB05 mechanism relative to those with the CB-IV mechanism in summer are shown in Fig. 3b . While some decreases were observed over most of the United States, the largest decreases occurred in the border areas of Texas, Louisiana, and Arkansas where its concentrations were lowered by about 1.1 ppbv. Concentrations of FORM with the CB05 mechanism decreased over parts of Texas, Louisiana, Mississippi, Alabama, Georgia, Arkansas, and Oklahoma by up to 1.0 ppbv. Similar reductions were also observed in parts of California and Idaho. Decreases in the remaining areas were less than 0.6 ppbv. In winter, concentrations of FORM with the CB05 mechanism decreased over the entire modeling domain relative to those with the CB-IV mechanism. Decreases ranging up to 0.4 ppbv occurred over the southern part of the modeling domain. Decreases over the northern part of the modeling domain were small and ranged only up to 0.1 ppbv. The decreases in the monthly mean concentrations of H 2 O 2 with the CB05 mechanism relative to those with the CB-IV mechanism in summer are shown in Fig. 3c . The decreases occurred over most of the modeling domain. The largest decreases occurred in Mexico and the Gulf of Mexico where its concentrations were lowered by more than 1.8 ppbv. Decreases in the southern part of the modeling domain generally ranged between 0.9 to 1.8 ppbv, and decreases in the northern part of the modeling domain were less than 0.9 ppbv. In winter, concentrations of H 2 O 2 with the CB05 mechanism also decreased over the entire modeling domain relative to those with the CB-IV mechanism. However, these decreases were smaller relative to those in summer. Decreases ranging up to 0.7 ppbv occurred over the southern part of the modeling domain. Decreases over the northern part of the modeling domain were small and ranged only up to 0.1 ppbv.
The decreases in the monthly mean concentrations of aerosol sulfate with the CB05 mechanism relative to those with the CB-IV mechanism in summer are shown in Fig. 3d . The decreases were mostly limited to the eastern United States. The largest decreases occurred in Indiana, Ohio, Pennsylvania, and Georgia where its concentrations were lowered by more than 0.9 g m Ϫ3 .
Concentrations of aerosol sulfate with the CB05 mechanism decreased in the Ohio Valley, Alabama, Georgia, Florida, Louisiana, North Carolina, Tennessee, and the border area of Texas, Oklahoma, and Arkansas by up to 0.9 g m
Ϫ3
. The decreases in the remaining areas of the eastern United States were less than 0.4 g m
.
The changes in the monthly mean concentrations of OC with the CB05 mechanism relative to those with the CB-IV mechanism in summer are shown in Fig. 3e . The decreases in the concentrations of OC with the CB05 mechanism occurred mostly in the western United States, the Southeast, Vermont, Maine, and New Hampshire. The largest decreases occurred in Idaho where its concentrations were lowered by up to 1.1 g m Ϫ3 . Decreases in other parts of the western U.S. ranged up to 1.0 g m
. Decreases in the Southeast ranged up to 0.7 g m Ϫ3 , while the decreases in Maine, Vermont, and New Hampshire ranged up to 0.4 g m
. The concentrations of OC with the CB05 mechanism increased in a few grid cells across the modeling domain in summer; however, these increases were less than 0.1 g m Ϫ3 . The changes in concentrations of OC between the two mechanisms in winter are shown in Fig. 3f . Concentrations of OC increased in parts of the Southeast, parts of the Northeast, California, Oregon, Washington, Idaho, and Mexico by up to 0.5 g m
Concentrations of OC decreased in parts of Georgia, Florida, the western United States, Canada, and Mexico by up to 0.3 g m
d. Comparison of the model predictions with observed data
Ambient monitoring data from three monitoring networks are used to compare the model predictions for aerosol: Interagency Monitoring of Protected Visual Environments (IMPROVE), Clean Air Status and Trends Network (CASTNet), and Speciation Trends Network (STN). Ambient monitoring data from the EPA's Air Quality System (AQS) and CASTNet are used to compare the model performance for O 3 concentrations. Various statistical measures can be used to evaluate model performance; the following measures were chosen for this study: normalized mean bias (NMB), normalized mean error (NME), and rootmean-square error (RMSE; Eder and Yu 2006) . Since the CMAQ predictions with the CB05 mechanism were closer to those with the CB-IV mechanism during winter, model predictions are compared with observed data only for summer.
Performance statistics of the concentrations of daily maximum 1-and 8-h O 3 obtained with the two mechanisms in urban and rural areas are presented in Table 5 . Data from the AQS sites are used to evaluate model performance in urban areas. In urban areas, the predicted mean concentration of daily maximum 1-h O 3 with the CB-IV mechanism was slightly lower than the observed mean, while the predicted mean concentration with the CB05 mechanism was greater than the observed mean. The concentration of daily maximum 1-h O 3 with the CB-IV mechanism was biased slightly negative and the concentration with the CB05 mechanism was biased positive. The NMB for the concentrations of daily maximum 1-h O 3 with the CB05 mechanism deteriorated slightly relative to those with the CB-IV mechanism. The NME and RMSE with the CB05 mechanism, however, did not change substantially relative to those with the CB-IV mechanism. While the model bias for O 3 in urban areas deteriorated slightly relative to that with the CB-IV mechanism, the model bias with the CB05 mechanism actually improved at higher observed concentrations (Appel et al. 2007) . The model tends to overpredict O 3 at lower observed concentrations with both mechanisms partly because of the use of a reduced number of vertical layers and clean-air vertical profiles. The model overpredictions at lower observed concentrations can be improved by using additional vertical layers and results from global air quality models as boundary conditions (Appel et al. 2007 ). The mean concentrations of daily maximum 8-h O 3 with both mechanisms were higher than the observed mean. The NMB with the CB05 mechanism in urban areas deteriorated slightly relative to that with the CB-IV mechanism while the NME and RMSE did not change considerably. Data from the CASTNet sites were used to evaluate model performance in rural areas. As shown in Table 5 , the predicted mean concentrations of daily maximum 1-h O 3 with both mechanisms were lower than the observed mean for rural areas. However, the mean concentration with the CB05 mechanism was closer to the observed data than that of the CB-IV mechanism. The NMB for concentrations of the daily maximum 1-h O 3 with the CB05 mechanism improved slightly relative to those with the CB-IV mechanism. The NME and RMSE with the CB05 mechanism, however, did not change substantially relative to those with the CB-IV mechanism. The mean concentration of daily maximum 8-h O 3 with each mechanism was slightly greater than the observed data. The NMB with the CB05 mechanism deteriorated slightly relative to that with the CB-IV mechanism while the NME and RMSE did not change considerably.
Average concentrations of daily maximum 1-h O 3 with the CB-IV and CB05 mechanisms are compared with the mean observed data for rural areas in Fig. 4 . Predicted concentrations with the CB-IV mechanism agrees better with the observed data on 1-6, 12-13, and 26-30 July. However, concentrations with the CB05 mechanism are in better agreement with the observed data on remaining days in the month. Predicted concentrations with the CB05 mechanism capture the dayto-day variability in the observed data better than those with the CB-IV mechanism.
Predicted vertical O 3 concentrations with the CB-IV and CB05 mechanisms are compared with ozonesonde data at three stations in Fig. 5 : Wallops Island, Virginia; Boulder, Colorado; and Huntsville, Alabama. Weekly ozonesonde measurements are available for these stations (http://www.woudc.org/data_e.html). Averages of all available data for each site are shown in Fig. 5 . For all three stations, predicted O 3 concentrations with the CB05 mechanism had better agreements with the ozonesonde data than those predicted with the CB-IV mechanism from surface level up to a height of about 700 hPa. While the CB-IV mechanism performed slightly better than the CB05 mechanism above 700 hPa, the differences between the two mechanisms were small. Thus, the model performance with the CB05 mechanism at high altitudes improved relative to the CB-IV mechanism.
Performance statistics of the observed and predicted aerosol sulfate concentrations with the two mechanisms are shown in Table 6 . The NMB for aerosol sulfate with the CB05 mechanism deteriorated slightly for all monitoring networks relative to those with the CB-IV mechanism. However, the NME and RMSE with the CB05 mechanism for aerosol sulfate did not change considerably relative to those with the CB-IV mechanism. The slight deterioration of the NMB for aerosol sulfate with the CB05 mechanism occurs because of overprediction of the precipitation by the meteorological driver for the CMAQ modeling system (MM5) at 36-km grid spacing. The precipitation overprediction is reduced at 12-km grid spacing. To further evaluate the model performance for aerosol sulfate, two additional model simulations were performed for the eastern United States using 12-km grid spacing. Results of these model simulations indicate that the NMB for aerosol sulfate for STN monitoring network improved slightly from 13.0% with the CB-IV mechanism to 4.4% with the CB05 mechanism in summer. The NME for aerosol sulfate changed from 38.5% with the CB-IV mechanism to 35.0% with the CB05 mechanism.
Performance statistics of the observed and predicted OC concentrations with the two mechanisms are also shown in Table 6 . The NMB and NME for OC with the CB05 mechanism improved relative to the CB-IV mechanism.
Summary
We have implemented the new CB05 mechanism into the CMAQ modeling system and performed simulations for a winter and summer month of 2001 using the CB-IV and CB05 mechanisms. Differences in predictions obtained with the two mechanisms were small for most species in winter. However, relatively large differences in predicted concentrations were observed for many species in summer.
Model O 3 predictions with the CB05 mechanism improved relative to those with the CB-IV mechanism at high-altitude conditions. Concentrations of daily maximum 1-h O 3 with the CB05 mechanism improved slightly in rural areas. Model OC predictions with the CB05 mechanism improved relative to those with the CB-IV mechanism.
We are currently performing a comprehensive comparison of the model predictions with the CB-IV, CB05, and SAPRC-99 mechanisms including their sensitivities to emissions. As a part of this study, we are also performing additional comparisons of model predictions with observed data with longer and larger datasets to further examine the comparisons described here. Future studies should also focus on the comparison of model predictions with the CB05 mechanism with those with the Regional Atmospheric Chemistry Mechanism (RACM). 
